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Introduction
Being one of the major air pollution resources, ammonia gas (NH3) is commonly released from organic nitrogenous animal and vegetable matters, organic decomposition, industrial effluents and motor vehicles [1] . It is also one of the important industrial chemicals, which have been used to make pharmaceuticals, plastics, fertilizers, cleaning products, dyes, explosives and synthetic fibers. However, ammonia is hazardous substance and may cause burns and swelling in the airways, or lung damage, and skin and eye damage. Therefore, an ammonia sensor with high response, good selectivity, long-term stability and low detection limit is critical and urgently needed. So far, various materials have been explored to detect NH3 gas, such as SnO2 [2] [3] [4] [5] , V2O5 [6] , WO3 [7, 8] , Co3O4 [9, 10] , ZnO [11] [12] [13] , TiO2 [14] , carbon nanotubes [15, 16] , graphene [17, 18] , etc. However, the gas response using these materials is not high enough, and the detection limit of ammonia is above ppm level.
Most of these sensors need to be operated at an elevated working temperature. Therefore, it is still a challenge to design and fabricate new types of gas sensors with a high response to detect sub-ppm level of NH3 at room temperature.
As one of the potential sensing materials for environmental gas monitoring, cerium oxide (CeO2) has advantages of good resistance to chemical corrosion, non-toxicity, safety and reliability. therefore, it have attracted significant attention as gas sensors 3 for CO [19, 20] , H2S [21] , C2H5OH [22] , and carbon disulfide [23] , acetone [24] .
Improved gas sensing performance can be further achieved by modifying of structures CeO2. For example, the gas response of sensors could be significantly increase by incorporation of Pt nanoparticles onto CeO2 nanowire [19] . Gas sensor based on mixtures of CeO2-Fe2O3 enhanced adsorption and subsequent oxidation of methanol [25] . Core-shell structures of CeO2/TiO2 nanorods exhibited enhanced response and selectivity to ethanol vapor [26] . Gas sensor based on CeO2-ZnO showed improved gas response and selectivity to ethanol than pure CeO2 sensor [27] . It is well documented that the addition of silica in metal oxides can stabilize the nanocrystal and enhance their catalytic activity [28, 29] . Moreover, according to the paper reported by George et al [30] , the silica surface is terminated by lots of hydroxyl groups at the atmospheric pressure and temperatures below 150 o C, and the hydroxyl groups have extraordinary ability of water absorption [31] . Therefore, at room temperature, ammonia molecules will be adsorbed and react with water molecules on the surface of silica modified CeO2 to produce NH4 + and OH -ions. The NH4 + and OH -ions will result in a decrease of electric resistance, which will increase the gas response of the sensor. However, the NH3 gas-sensing property of gas sensor based on silica modified CeO2 nanomaterials have not reported.
In this work, we report a NH3 gas sensor based on the silica modified CeO2 nanostructures with a high gas response and detection limit of sub-ppm level, operated at room temperature. In addition, gas-sensing mechanisms of the gas sensors are also discussed.
Experimental
The pure CeO2 and silica modified CeO2 nanomaterials were synthesized using a peak of SiO2 in the XRD spectrum of 8%silica-CeO2. Therefore, the SiO2 should be amorphous in 8%silica-CeO2, which consists with the results reported previously in the literature [32] . For example, Al-Asbahi used the silica to modify titania nanoparticles, it was found that the SiO2 was amorphous [33] . And in the silica modified SnO2 nanoparticles, the SiO2 also was proved to be amorphous [34] .
Furthermore, using the ICP analysis, the molar percentage of SiO2 in 8%silica-CeO2 is 8.29%, which is almost consistent with the added quantity of SiO2 during the synthesis process. According to the standard Scherrer equation, the crystals average sizes for CeO2 and 8%silica-CeO2 nanoparticles are 18.1 and 11.5 nm, respectively. This is in agreement to the results from TEM. It is cleared that CeO2 crystallinity and size are modified after involving silica, and the silica can effectively reduce of CeO2 crystalline grains. The reason is that the presence of SiO2 can reduce the chance of CeO2 nanoparticles aggregating each other to inhibit growth of CeO2 crystalline grains [33] .
The FT-IR spectrum of 8%silica-CeO2 is shown in Fig. 4 . The strong and wide peak at approximate 3428 cm -1 is attributed to the stretching vibration of hydroxyl (O-H), and the absorption peak at 1626 cm -1 is attributed to the O-H bending vibration mode [35] . Ce-O-Ce vibration appears in the range from 400 to 600 cm -1 as the result of condensation reaction [36] . The peaks at 980 cm -1 and 854 cm -1 correspond to the asymmetric stretching vibration and symmetric stretching of Si-O-Si [35] . Moreover, the peak observed at 936 cm -1 should be due to the stretching vibration band of Ce-O-Si bonds [37] , which reveals that Si 4+ is integrated into the surface of CeO2.
Similar chemical bonds (e.g. Ti-O-Si [33] and Sn-O-Si [34] ) have been found in silica modified TiO2 and SnO2. The formation of these bonds on the surface of metal oxides will inhibit the growth of metal oxides crystalline grains [34, 38] .
The XPS spectra of CeO2 and 8%silica-CeO2 are shown in Fig have been reported on the surface of many metal oxides [41] . For the 8%silica-CeO2, the binding energy attributed to the oxygen in the crystal lattice appeared a chemical shift to 529.3 eV, which should be due to the formation of Ce-O-Si bonds on the surface of CeO2 [42] . The binding energy attributed to the hydroxyl groups also appears at 531.4 eV. Calculated by the area of each corresponding peak, the hydroxyl group percentage composition in total oxygen on the surface of CeO2 nanoparticles are 24.5% and 51.1% for pure CeO2 and 8%silica-CeO2, respectively. It is clear that, due to the additive of silica [31] , there are more hydroxyl groups on the surface of 8%silica-CeO2 than those on the pure CeO2.
Using the BET method, the specific surface areas for pure CeO2, 8%silica-CeO2 and 14%silica-CeO2 are 50.57, 83.75 and 90.32 m 2 /g respectively. The silica modified CeO2 have larger surface areas than the pure CeO2 due to its smaller particles size.
The larger surface areas is beneficial to the absorption of target gas molecule in the application of gas sensors.
The UV-Vis DRS spectra of samples are shown in Fig. 6 . The absorption edges of CeO2 and 8%silica-CeO2 are 379.5 and 374.6 nm respectively, meaning that the band gap is 3.27 and 3.31 eV. So, an obviously blue shift of the absorbing band edge happens with the addition of silica. Because the sizes of 8%silica modified CeO2 crystals (11.5 nm) is smaller than pure CeO2 (18.1 nm), the blue shift should be due to the well-known quantum size effect [43] .
Gas sensing properties
The gas sensor was fabricated by coating the samples on the surface of ceramic tube with a pair of gold electrodes. The measurement circuit is connected to the gold electrodes on the ceramic tube using Pt wires. The illustration of NH3 gas-sensing measurement system is showed in Fig. 7 . The details of measurement process of the sensor are similar to those reported in the literature [44] . During the measurement, the working voltage is set as 5 V and the relative humidity is 30%. The gas response of gas-sensing can be defined as following equations:
Gas response = 100% air gas
where Rair and Rgas are the sensing material electric resistance in air and target gas, respectively.
The response/recovery curves of the gas sensors made of pure CeO2 and silica modified CeO2 were investigated under different concentration of NH3 gas at room temperature, and the results are summarized in Fig. 8 . When the NH3 gas is injected in the testing chamber, the electric resistance of the sensors decrease remarkably, but it returns to its original reading after the NH3 gas is pumped. This indicates that the NH3 gas sensors have a good reversibility. The gas response of pure CeO2 and silica-CeO2 based sensors is found to increase with increasing of NH3 gas concentrations. To investigated the effect on gas response of different silica content, the 14%silica-CeO2 was also prepared using the same synthesis process, and the response/recovery curves to NH3 gas of the 14%silica-CeO2 based gas sensor is also measured and the results are shown in Fig. 8c . Compared with those of the pure CeO2 and 14%silica-CeO2, the 8%silica-CeO2 based gas sensor has the highest gas response and the lowest detection limit towards NH3 gas. For detecting the 80 ppm of NH3 gas, the gas response of 8%silica-CeO2 sensor is 3244%, which is ~6.4 times and ~3.5 times for those of the CeO2 (508%) and 14%silica-CeO2 (937%) based gas sensors, respectively. The 8%silica-CeO2 based gas sensor still maintains an evident gas response of 20% toward 0.5 ppm of NH3 gas. However, when the NH3 gas concentration is lower than
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The detection limits towards NH3 gas are 10 ppm and 5 ppm for the CeO2 and 14%silica-CeO2 based sensors, respectively. Evidently, the modification of silica can remarkably improve the NH3 gas-sensing performance of CeO2 based sensing materials. When the content of silica is 8%, the NH3 gas sensor gets the best gas-sensing performance, which indicates that there is an optimal content of silica with respect to sensor performance. For the lower silica content of 8%, Si 4+ ions are integrated into the surface of CeO2 to increase the sensing performance. However, for the higher silica content of 14%, there are more silica nanoparticles in samples.
Therefore, although the specific surface area of 14%silica-CeO2 increase, but the silica nanoparticles would isolate the CeO2 nanocrystals, which will result that the increase of sensing performance is not significant. [34] The working temperature, gas response and detection limit are the key parameters for the gas sensor. Among many different types of NH3 gas sensors reported, the SnO2-nanowire gas sensors had a response of 300 to 1000 ppm NH3 gas at a working temperature of 200 o C [5] . NH3 gas sensors based on hollow NiO-SnO2 nanospheres showed a good responses to 20 ppm of NH3 gas at a working temperature of 300 o C and the detected limit was 5 ppm [45] . A nano-crystalline WO3 layer exhibited the best gas response about 95% to 100 ppm NH3 at 220 o C [7] . The working temperature of these NH3 gas sensors were above 200 o C. The NH3 gas sensor conducted at the room temperature was also reported. For example, Liu et al. [46] reported that PbS quantum dots/TiO2 nanotubes arrays showed a gas response of 17.49 for 100 ppm ammonia gas with a detection limit of 2 ppm at room temperature. Li et al. [47] reported that polyaniline/SnO2 heterojunction had good selectivity to NH3 gas at room temperature of 21 o C, and its detection limit was 1.8 ppm. However, the detection limits of these NH3 gas sensors was above 1 ppm. The sensing properties of NH3 gas sensors based different sensing materials reported previously in the literatures were listed in the table 1. It is obviously that the NH3 gas sensor based on 8%silica-CeO2 nanoparticles shows the good performance with high response and low detection limit (0.5 ppm) at room temperature. 
where R 2 is fitted relation coefficient. It can be seen that three gas sensors have good linear characteristics for NH3 gas detecting. The NH3 gas sensor based on 8%silica-CeO2 exhibits the largest slope and a wide linear response, meaning that it is more sensitive than CeO2 and 14%silica-CeO2 based gas sensors. The good linearity characteristic and high gas response of the 8%silica-CeO2 sensor at room temperature are advantageous to the practical application of the NH3 gas senor.
From the above results, the NH3 gas sensor based on 8%silica-CeO2 shows high gas response at room temperature. Its response/recovery time and selectivity were further investigated. and 141 s respectively. Fig. 9b displays the response/recovery curves of the sensor is exposed to various gases (H2, H2S, C2H5OH, CO, NO2 and NH3) at the same gas concentration of 80 ppm. There are insignificant response of the gas sensor to H2, H2S, C2H5OH, CO and NO2 gases, but with a high gas response of 3244% for NH3 gas.
This is maybe because lots of hydroxyl groups on the 8%silica-CeO2 nanoparticles will prevent the reaction of other gases on the surface of sensing materials. Therefore, the sensor based on 8%silica-CeO2 have good selectivity for NH3 detection. Fig. 10a shows the dynamic response/recovery curves of sensor based on 8%silica-CeO2 under higher NH3 concentration at room temperature. It was found that the response of the sensor tend to constant about 3481% when NH3 gas concentration is higher than 80 ppm. Therefore, the linear relation between sensing response and NH3 concentration could not be maintained under higher NH3 concentration (> 80 ppm NH3). The humidity influences on the performance of the sensors was tested, and the dynamic response/recovery curves of the sensor to 80 ppm NH3 gas under different relative humidity at room temperature are displayed in Fig. 10b . It can been seen that the response of the sensor increased with the increase of relative humidity from 30% to 70%. Furthermore, the gas sensor almost have not response in the dry air.
This indicated the sensing performance of the NH3 sensor based on 8%silica-CeO2 was influenced significantly by the humidity. It can be seen from Fig. 9a that the recovery time of the sensor is long, especially under higher NH3 concentrations. In order to reduce the recovery time, the heating approach was adopted during recovery process. Fig. 10c shows the dynamic response/recovery curves of the sensor to 40 ppm NH3 gas at different recovery temperature. It can be found that the recovery time was 1960 s at the room temperature of 25 o C, but it was only 3s when the temperature was increased to 100 o C during recovery process. This means that the recovery time can be significantly reduced by increasing the recovery temperature.
Reproducibility of the gas sensor was characterized by repeatedly exposing it to the NH3 gas with a concentration of 40 ppm at room temperature into the chamber and then pumping out, and the measurement results are shown in Fig. 11a . During the repeats absorption and desorption of NH3 gas, the transient response/recovery curves for five cycles are nearly identical, with insignificant fluctuation of electric resistance.
This reveals that the 8%silica-CeO2 based sensor has a good reproducibility. Stability of this gas sensor was also investigated as shown in Fig. 11b . It can be seen that the gas response deviation is <3% after long-term testing in 40 ppm of NH3 for 30 days, indicating that the sensor based 8%silica-CeO2 also has a good long-term stability.
gas sensing mechanism
In NH3 sensing process, the oxygen molecules absorb on the surface of silica-modified CeO2 nanoparticles in air and capture electrons from conduction band to form chemisorbed oxygen species, such as O -, O 2-and O2 - [52] , which results in the formation of a depletion region on the surface of the silica-modified CeO2 nanoparticles. It is well known that the types of absorbed oxygen species are dependent on the working temperature. At room temperatures, O2 -is commonly chemisorbed on the surfaces of the nanoparticles [21] . When the sensor is exposed to NH3 gas, some NH3 gas molecules will be adsorbed on the surface of silica-modified CeO2 nanoparticles. The reactions between the NH3 gas molecule and adsorbed oxygen species can be expressed using the following equations [53] :
In this progress, the produced electrons will be released into the conduction band of the CeO2, leading to the reduction of thickness of the election-depletion layer and decreased electric resistance of the sensors. Compared the pure CeO2, the increased specific surface areas means that there are more chemisorbed oxygen species on the silica-modified CeO2. Therefore, the silica-modified CeO2 shows enhanced gas response.
Moreover, XPS analysis have proved that there are lots of hydroxyl groups on the 8%silica-CeO2 nanoparticles. At room temperature, water molecules will be absorbed on the surface of silica-modified CeO2 nanoparticles after the sensor is exposed to the ambient air. As we known, ammonia gas has a high solubility, the volume ratio of ammonia could be 700:1 in water. When the NH3 gas is injected in the testing chamber, some ammonia gas molecules will be adsorbed and react with water molecules on the surface of 8%silica-CeO2 to produce NH4 + and OH -ions, which can be revealed from as the following reaction:
The detailed mechanism of reaction is shown in Fig. 12 . The electrolytic conductivity of NH4 + and OH -initiates, resulting in a decrease of electric resistance of the sensor.
Due to abundant hydroxyl groups on the 8%silica-CeO2 nanoparticles, lots of H2O molecules will be absorbed on the surface and many NH4 + and OH -ions will be formed. Therefore, the formation of NH4 + and OH -are the crucial reason for the high gas response of the 8%silica-CeO2 based sensors [54] . When the ammonia gas was pumped away and air was injected in the testing chamber, the reaction (7) will become reverse, thus resulting in the resistance of sensor to its original value.
Conclusion
In summary, the 8%silica-CeO2 nanoparticles were synthesized using a sol-hydrothermal route. The addition of silica effectively inhibited the growth of CeO2 crystals. The 8%silica-CeO2 had larger specific surface areas and smaller crystal sizes than pure CeO2. The gas sensor based on 8%silica-CeO2 nanoparticles showed a higher gas response and a lower detection limit (0.5 ppm) than those of the CeO2 towards NH3 gas at room temperature. Furthermore, The NH3 sensor also showed a good stability and reversibility and a good selectivity to NH3 gas, indicating that the 8%silica-CeO2 based gas sensor could be successfully applied in monitoring NH3 gas. 
